Acetyl-CoA carboxylase [acetyl-CoA:carbon-dioxide ligase (ADP-forming), EC 6.4.1.2] catalyzes the rate-limiting step in the synthesis of long-chain fatty acids. The polymeric form of the enzyme is active whereas the protomeric form is inactive (1) (2) (3) (4) . Because various cellular metabolites are known to shift the equilibrium between the polymeric and protomeric states of the carboxylase in vitro, it has generally been assumed that the short-term control of the enzyme may be accomplished in vvo by cellular metabolites (5) .
Because high concentrations of citrate cause aggregation and activation of the carboxylase in vitro, it has been proposed and widely accepted that citrate may be the positive allosteric effector of carboxylase in vivo, thus regulating the synthesis of long-chain fatty acids (5) . However, there is no clear evidence for the occurrence of such a control mechanism in vivo. Increased fatty acid synthesis is frequently accompanied by no change or even a decrease in citrate concentration (6) (7) (8) (9) (10) . Even in the chicken liver system, in which extensive studies on the mechanism of citrate activation of acetyl-CoA carboxylase have been carried out (5) , inhibition of lipogenesis persisted under conditions of increased citrate levels (11) . Similarly, when lipogenesis was inhibited in isolated rat hepatocytes with a hypolipidemic agent, this inhibition was accompanied by an increase in citrate concentration (12) , again indicating the lack of a citrate effect on lipogenesis. There are other theoretical and experimental difficulties in the theory that citrate is a positive effector of carboxylase in vivo. These are discussed in detail in the Discussion.
In contrast to the lack of correlation between citrate and iipogenesis, it has been observed that the hepatic CoA concentration increases as the rate of fatty acid synthesis increases (8) The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. 3351
and decreases under conditions such as lipogenesis inhibition (12) and gluconeogenesis (13) (14) (15) (18) . Partially purified enzyme was prepared as described (16) . The specific activity of acetyl-CoA carboxylase in such preparations was between 70 and 90 milliunits/mg of protein in the presence of 10 mM citrate.
Assay of Acetyl-CoA Carboxylase. Acetyl-CoA carboxylase activity was measured as described (16) . One unit of activity is defined as 1 umol of malonyl-CoA formed per minute at 370C.
Sucrose Density Gradient Centrifugation. A 0.2-ml enzyme sample was applied to a 5-ml linear gradient of 5-20% sucrose in 50 mM Tris-H1l, pH 7.5/1 mM EDTA/and 5 mM 2-mercaptoethanol. The citrate concentration used in the gradients is indicated in the appropriate figures. Samples were centrifuged for 90 min (or as specified) at 250C in a SW 65 swinging bucket rotor at 45,000 rpm. Carboxylase activity in each fraction was assayed as described (16) .
RESULTS
Effect of CoA on Acetyl-CoA Carboxylase. Like citrate activation of acetyl-CoA carboxylase, CoA activation of the enzyme was time dependent (Fig. 1) (21, 22) depending upon the methods of subcellular fractionation and the determination of subcellular water space. Therefore, the cellular concentration of CoA appears to be sufficient to affect the carboxylase activity. The most noteworthy aspect of the concentration dependency of activation is that small changes of CoA concentration in the range 60-120 MM can affect the activity drastically.
Effect of CoA on Sedimentation Behavior of Acetyl-CoA Carboxylase. To determine whether CoA activates the carboxylase by polymerization, the CoA-activated enzyme was subjected to sucrose density gradient centrifugation (Fig. 3) Addition of CoA to the maximally activated carboxylase at a given citrate concentration further activated the enzyme (Fig.  4) . Even at a saturating citrate concentration (10 mM), CoA activated the enzyme still further, indicating that the binding site(s) of CoA may be different from that of citrate. Because CoA acted even at saturating concentrations of citrate, we examined the sedimentation profile of the carboxylase under these conditions. Addition of CoA to enzyme that had been activated in the presence of 10 mM citrate resulted in the formation of an even faster sedimenting species, 50-55 S (Fig. 5) The CoA-activated enzyme showed a marked decrease in the Km for acetyl-CoA (Fig. 6) . The calculated Km for acetylCoA of the control enzyme in the absence of CoA was about 0.4 mM, which is similar to the values reported previously (24) . When the carboxylase was activated by preincubation with 0.12 mM CoA, new species of the carboxylase with a drastically Although ATP-citrate lyase, which is responsible for generating the cytosolic acetyl-CoA for fatty acid synthesis, increases under physiological conditions of stimulated fatty acid synthesis, such increases in enzyme activity require a matter of days (25) and cannot be a factor in the short-term regulation of the car- 
DISCUSSION
Although citrate activates acetyl-CoA carboxylase in vitro, there are many difficulties with the theory that citrate alone is the physiologically positive effector of carboxylase in vivo. One of the most serious difficulties associated with the citrate activator theory is that the cellular concentration of citrate does not reflect the rate of fatty acid synthesis in ivo. Many studies carried out to examine the relationship between cellular concentrations of citrate and the rate of fatty acid synthesis indicate that the citrate concentration either does not change or that it changes in the direction opposite to that predicted for a regulatory role in fatty acid synthesis in rat liver (6, 12) .
Studies of the citrate activation of purified carboxylase indicate that citrate is required at two steps (5, 26) . For enzyme activation, citrate is required only in the micromolar range (3 MM), but higher concentrations of citrate (up to 6 mM) are required for keeping the carboxylated species of the enzyme in its polymeric state during the enzyme reaction. However, the total cellular concentration of citrate is only about 0.1-0.3 mM (9, 27) , and a good portion of this metabolite is intramitochondrial. On the other hand, acetyl-CoA carboxylase activation by CoA occurs in the presence of physiological concentrations. The cytosolic concentration of CoA in normal cells has been reported to be 5 MM when liver cells were fractionated by the method of lyophilization and homogenization in an organic solvent followed by density gradient centrifugation (20) . However, when cells from fasted animals were fractionated by the modified digitonin method (21) , the cytosolic-concentration of CoA was about 23MM. Because the cells from fasted animals contain only about one-fifth of the normal concentration (20) it follows that the cytosolic concentration is about 115 MM. The cytosolic water content was taken to be 2 ml/g dry weight of cells (13) . Direct homogenization of liver tissue yielded about 130 AM in the cytosol (22) . In this case, the breakage of mitochondria was assessed by mitochondrial marker enzymes. It is also interesting to note that small changes in the CoA concentration around 60 Additional experiments are required to establish conclusively that CoA is the physiologically significant positive effector for fatty acid synthesis instead of or in combination with citrate. However, the properties of CoA activation of acetyl-CoA carboxylase, as reported here, suggest that CoA activation of acetyl-CoA carboxylase might be physiologically important. In support of these in vitro studies, one can list a number of physiological experiments in which CoA concentrations change depending upon the status of fatty acid synthesis. For example, conditions favoring gluconeogenesis result in a decrease in free CoA (13) (14) (15) whereas CoA concentrations increase under conditions favoring lipogenesis (8) . In this connection, it should be mentioned that Linn et al. (32) reported a CoA requirement for fatty acid synthetase activity. It is interesting to note that, although citrate is constantly degraded in the process of acetyl-CoA production during lipogenesis, CoA only serves as an acyl group carrier and is constantly regenerated. Also, it should be noted that CoA is not a competitive inhibitor of acetyl-CoA carboxylase with respect to acetyl-CoA, although CoA is competitive with respect to palmityl-CoA inhibition of the carboxylase. However, it should be emphasized that these compounds are not substrates or inhibitors for the catalytic activity of the carboxylase but affect the quaternary structure of the enzyme. Therefore, simple competition as revealed by kinetic studies might be misleading.
The relationship between covalent modification of acetylCoA carboxylase (31, (33) (34) (35) and CoA activation of the enzyme should be mentioned. Our preliminary studies indicate that the phosphorylated form of acetyl-CoA carboxylase does not respond to CoA activation at all at physiological concentrations. Such observations support the theory that covalent modification of acetyl-CoA carboxylase is an amplification mechanism for allosteric control by cellular metabolites (36, 37) .
Elucidation of the exact mechanism of CoA action requires the use of a homogeneous enzyme preparation that has not been exposed to citrate. Unfortunately, all the existing purification procedures utilize high citrate concentrations (20 mM) for the stabilization of carboxylase during purification. It is difficult to remove bound citrate from such enzyme preparation. Thus, highly purified enzyme shows only a minimal effect of CoA. However, extensive dialysis against citrate-free buffer and treatment of the dialyzed enzyme with Dowex in the chloride form result in a decrease in the citrate content (38) . Such an enzyme preparation shows increased sensitivity toward CoA activation, indicating that the minimal effect of CoA with conventionally purified enzyme preparations is due to the presence of citrate. The results of these studies will be published elsewhere. Highly purified preparations have been shown to contain no fatty acyl-CoA (39) .
